Chemical sensing properties of phthalocyanine thin-film transistors have been investigated using nearly identical n-and p-channel devices. P-type copper phthalocyanine ͑CuPc͒ has been modified with fluorine groups to convert the charge carriers from holes to electrons. The sensor responses to the tight binding analyte dimethyl methylphosphonate ͑DMMP͒ and weak binding analyte methanol ͑MeOH͒ were compared in air and N 2 . The results suggest that the sensor response involves counterdoping of pre-adsorbed oxygen ͑O 2 ͒. A linear dependence of chemical response to DMMP concentration was observed in both n-and p-type devices. For DMMP, there is a factor of 2.5 difference in the chemical sensitivity between n-and p-channel CuPc thin-film transistors, even though it has similar binding strength to n-and p-type CuPc molecules as indicated by the desorption times. The effect is attributed to the difference in the analyte perturbation of electron and hole trap energies in n-and p-type materials.
I. INTRODUCTION
Organic thin-film transistors ͑OTFTs͒ are a form of chemically sensitive field-effect transistors ͑ChemFETs͒. 1 ChemFETs have advantages in multiparameter readouts 2 and offer potentially higher chemical sensitivity in comparison to chemiresistors. 3 ChemFETs can have higher electrical conductivity as compared to two-terminal chemiresistors; very thin monolayer ͑ML͒ FET devices may be fabricated to enhance the chemical sensitivity and baseline stability. 4 Metal phthalocyanine ͑MPc͒ based ChemFETs have been investigated for detecting O 3 , 5 volatile organic vapors ͑VOC͒, and explosive agent simulants. 4 MPc ChemFETs may also offer improved selectivity for chemical sensing. Chemical interactions between analytes and MPc molecules are tunable by either changing the metal centers or the peripheral ligands of the macrocycle molecular structure. Combinatorial MPc ChemFET arrays ͑M = Cu, Zn, Ni, and Co͒ were reported recently for VOC detection. 6 Despite intensive study of OTFTs in chemical sensing, the transduction mechanism of ChemFETs is not fully understood. 7, 8 In this report, the chemical sensing mechanism is investigated by comparing the responses of analogous n-and p-channel MPc ChemFETs. The charge carriers for n-and p-channel devices are electrons and holes, respectively.
Copper phthalocyanine ͑CuPc͒ is a p-channel material. Perfluorination of CuPc to F 16 CuPc changes the charge carriers from holes to electrons. Dimethyl methylphosphonate ͑DMMP͒, a simulant for the chemical warfare agent sarin, 9 is investigated as a model tight binding analyte to MPc molecules, and methanol is investigated as a model weak binding analyte. MPc sensors were previously investigated for detecting organophosphonate nerve gas simulants. [10] [11] [12] The tight and weak binding analytes were selected based on data for chemical sensitivity and recovery times of the analytes on MPc ChemFETs with completely recoverable baselines; 4 in contrast, most previous studies on MPc sensors employed redox active analytes such as NO 2 , NH 3 , and O 3 , which irreversibly react with MPc films at higher concentration. 26 The classical MPc chemical sensor studies explain the sensor transduction mechanism based on electron donor and acceptor interactions between analyte and MPc molecules, which continues to be the basis for many chemical sensor designs. 13 Oxygen ͑O 2 ͒ doping has been identified as the critical factor in the function of the solid-state MPc ChemFETs. The roles of oxygen surface doping in the electrical conductivity and chemical response were studied by comparing measurements between n-and p-channel devices in air and nitrogen carrier gases.
II. EXPERIMENTAL
CuPc and copper-hexadecafluorophthalocyanine ͑F 16 CuPc͒ were purchased from Sigma-Aldrich and purified by zone sublimation. The molecular structures of CuPc and F 16 CuPc are shown in Fig. 1 . The CuPc material was purified by three zone sublimation at 400°C over 60 h with a yield over 70%. The F 16 CuPc material required over 100 h of purification ͑4 cycles at 400°C͒ and the yield after sublimation was below 10%. The low yield in purifying F 16 CuPc by sublimation has been noted by others. 14 [16] [17] [18] Both CuPc and F 16 CuPc films were deposited by organic molecular beam deposition at 80°C at rates between 0.3 to 0.5 Å / s. Both films were about 30Ϯ 5 nm thick. The ChemFET device structure and fabrication processes have been described elsewhere. 19 Briefly, the channel length was defined by photolithography to be 5 m. The gate dielectric was 100 nm thick thermally grown SiO 2 . Interdigitated source and drain electrodes were used to increase the channel width and the drain current. The channel widths were 50 and 400 mm for the p-and n-channel devices, respectively. The carrier mobility of the CuPc device is typically about ten times higher than that of the F 16 CuPc device, as reported previously. 16 The mobility of CuPc and F 16 CuPc devices shown in Fig. 3 are 1.5ϫ 10 −4 and 1.2ϫ 10 −5 cm 2 / V s, respectively, in the saturated region. The longer channel width of the F 16 CuPc device, as compared to the CuPc device, ensured that the two devices had comparable drain currents at the same magnitudes of drain and gate biases.
Electrical properties of the OTFTs were measured using a Keithley 6385 picoammeter and programmable Agilent E3631A power supply. The electrical measurement system was calibrated with an HP 4156B precision semiconductor parameter analyzer. Output characteristics of the CuPc and F 16 CuPc devices were measured in air before analyte exposure to ensure the proper behavior of the ChemFETs. CuPc has a highest occupied molecular orbital level ͑5.3 eV͒ close to the gold work function ͑5.0 eV͒ and is known to be a good hole transport material. The peripheral fluorine groups in F 16 CuPc withdraw electrons from the CuPc molecule, lowering the lowest unoccupied molecular orbital level ͑4.8 eV͒ for electron injection from gold electrodes. 20 The transistor output curves ͑see Fig. 2͒ show p-and n-channel formations for the CuPc and F 16 CuPc devices, consistent with literature reports. 16, 17, 21 The chemical sensing mechanism was investigated with the tight binding analyte ͑DMMP͒ and the weak binding analyte methanol ͑MeOH͒. Other analytes, such as di-isopropyl methylphosphonate ͑DIMP͒, H 2 O, and nitrobenzene, were also tested for comparison of chemical sensitivities. Analytes were delivered by a custom built flow system with a stainless steel chamber. The dead volume was 45 cm 3 . The total flow rate through the chamber was 500 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The temperature in the chamber was kept at 25°C using a Haake constant temperature bath to circulate coolant through the chamber walls. Ultrahigh purity dry air or dry N 2 was used as both the purge and the carrier gas. Bubblers filled with liquid analytes were kept in a water bath at 25°C. Mass flow controllers were used to dilute and introduce vaporized analytes into a manifold to premix with the carrier gas before flowing into the test chamber. Solenoid valves before and after the analyte bubblers were used to prevent cross contamination between analytes. To ensure that there was neither vapor loss nor condensation in our delivery lines, the response versus analyte concentration was measured; at low concentration, the response is linear with concentration consistent with the integrity of the vapor delivery system. The DMMP vapor pressure was cited from the work of Hopkins and Lewis. 9 A dosing calibration was performed using gas chromatographymass spectrometer ͑GC/MS͒ ͑ThermoFinnigan͒. The exhaust from the chamber was bubbled through methanol at ϳ−70°C to trap the DMMP vapor ͑m.p. DMMP =−50°C͒. The resulting methanol/DMMP mixture was analyzed using the integrated areas of the chromatogram peaks corresponding to 79.1m / z, 94.1m / z, and 109.2m / z. The integrated areas from these samples were compared to integrated areas for calibrated samples prepared by serial dilution. The expected dosing concentration using the published DMMP vapor pressure was found to agree with the concentration determined by GC/MS to within 40%. For all sensitivity studies, the published DMMP vapor pressures were employed since small amounts of condensation may have caused errors in the calibration experiment. Once exposed to the atmosphere, all the sensor thin films are doped by atmospheric gases such as O 2 , O 3 , and H 2 O. The organic ChemFETs in this study are not pristine devices, since the channel conductivity changed after exposing to the atmosphere. For these MPc ChemFETs, it was found that stable electrical conductivity and chemical response are only attainable after aging in air for at least 1 month. The devices in this study were aged under atmospheric conditions for 6 months before testing. The change in the electrical properties of MPc ChemFETs during aging is attributed to the aging of MPc/Au contacts; however, the electrode shape can also affect the electrical properties. 22 The ChemFETs were mounted on a custom-designed printed circuit board ͑PCB͒. Indium was used as solder to connect source and drain electrodes to the PCB contact pads. All devices were annealed at 55°C in dry air for 3 h and stabilized in the optically sealed chamber overnight under a dry air flow before the chemical sensing measurements. This procedure minimized doping with atmospheric H 2 O. The pulsed gating technique 19 ͑0.1 Hz, 1% duty cycle͒ was used for all chemical response measurements to mitigate bias-stress effects 23 on baseline stability. Chemical responses to DMMP and methanol doses were compared under dry air and N 2 carrier gases. The devices were measured in the saturation region at the same electrical field strength for n-and p-channel ChemFETs ͑V ds =6 V, V gs =8 V͒, unless otherwise stated. The bias is positive for the n-channel device and negative for the p-channel device. The chemical sensing measurements were repeated three times on n-and p-channel ChemFETs unless otherwise stated. For each type of ChemFET, we compared the chemical responses to DMMP and MeOH between duplicate devices on the same substrate and found good reproducibility ͑Ϯ25% ͒.
The devices were intensively tested over 2 months ͑con-tinuously biased at the drain electrode and exposed to analytes͒. For the above analytes, the n-and p-channel ChemFETs have good chemical stability and reproducible chemical responses from run to run ͑Ϯ10% ͒. The drain current may decrease up to 50% over 2 months under intensive testing, which was typically due to the degradation of indium soldering between source and drain electrodes and the contact pads of the PCBs. To minimize the electrical contact degradation, the chemical sensing data for side-by-side device comparisons were acquired within 2 weeks, unless otherwise stated.
III. RESULTS AND DISCUSSION

A. The role of oxygen surface doping in channel conductivity
Since the channel conductivities of all the MPc ChemFETs change significantly when exposed to ambient air after deposition in vacuum, we hypothesize that the MPc films are doped with atmospheric dopants. To elucidate the effect of oxygen doping, the channel conductivities and sensing properties of the n-and p-type films were compared in dry air and dry N 2 . Before all measurements, the devices were left in the dosing chamber under dry air for at least 24 h in the dark to minimize H 2 O and photocurrent doping. To understand the role of oxygen doping, the time evolution of the n-and p-channel devices were monitored after removing the oxygen from the environment and flowing dry N 2 over the devices. Figure 3 displays the drain currents for CuPc and F 16 CuPc ChemFETs over 50 h in dry N 2 . Occasionally, a fast initial current change was observed; the current shown in Fig. 3 was recorded 20 min after switching to N 2 . The 20 min delay removes any transient responses due to temperature or pressure changes from carrier gas switching. The drain current increased 34% for the n-channel device and decreased 26% for the p-channel device after 50 h under a nitrogen atmosphere. The 50 h experiment was performed only once, but similar experiments of 4 -5 h duration have been conducted more than ten times and those results are consistent with the initial data in Fig. 3 . Since nitrogen is electronically passive toward CuPc and F 16 CuPc, the change in the current under N 2 is ascribed to the desorption of surface dopants. The drain currents of n-and p-channel devices can be restored completely by storing the devices in dry air over a week. The results suggest that oxygen is a hole donor for MPc p-channel ChemFETs and an electron trap agent for n-type devices. Therefore, oxygen acts as a dopant in both p-type and n-type ChemFETs. All analytes we have studied act as hole acceptors in p-type ChemFETs and electron donors in n-type ChemFETs. Therefore, we describe the behavior of the analytes as "counterdopants" to oxygen consistent with the typical nomenclature used in MOSFET technology. 24 The role of oxygen doping in the electrical conductivity of MPc materials has been discussed in literature. 25 For CuPc sandwich devices, the electrical conductivity increases by three orders of magnitude after exposure to oxygen. 26 The effect is reversible after prolonged vacuum pumping at elevated temperature or under a H 2 reducing gas flow. The multistep process of oxygen adsorption on MPc surface is proposed in 27 MPc + O 2 ↔
͑1͒
where h + are the delocalized hole carriers. The first process is the oxygen adsorption on the MPc surface, the second pro- 
164703-3
Sensing on n-and p-channel copper phthalocyanine J. Chem. Phys. 130, 164703 ͑2009͒
cess is the charge transfer between MPc and O 2 , forming bound superoxide, and the third process is charge delocalization; K 1 , K 2 , and K 3 are the equilibrium constants for these three processes. For solid-state chemical sensors, the gas adsorption induced current change is related to the change in delocalized carrier density. Therefore, both gas adsorption and charge delocalization steps can be the limiting step in chemical response. Gas physisorption typically has a very low activation energy ͑ഛ0.3 eV͒. 28 For the MPc based sensors, steps 2 and 3 were found to be rate limiting in MPc chemiresistors. 29 It is likely that the slow current response due to O 2 desorption ͑0.7% / h͒ arises from slow charge transfer or delocalization processes ͓steps 2 and 3 in Eq. ͑1͔͒.
For organic films over 10 ML thick, gas adsorption primarily occurs at organic/air interface. 26 We found negligible change in the bulk MPc film structure as determine by x-ray diffraction, which is consistent with analytes adsorbing only at the air/organic interface and at grain boundaries, but adsorption at grain boundaries should be a small effect for 10 ML films. Although in thiophene ChemFETs, grain size has been shown to affect sensitivity, 7 we have not observed correlation of chemical sensitivity with grain size in MPc chemical sensors. For the CuPc and F 16 CuPc films grown for this work, the grain size is about 100 nm in diameter. If we assume spherical grains and assume the grains extend through the 10 ML film, the grain boundary surface is estimated to be about 4% of free surface area. Therefore, we have focused on the mechanism of gas adsorption on the surface of MPc films.
We hypothesize that the electronic process of gas adsorption in ChemFETs is a surface doping process. For an n-channel ChemFET ͑see diagram at Fig. 4͒ in "on" mode, there are two negative charge sheets present in the organic film located at the organic/SiO 2 interface ͑Q c ͒ and the organic/air interface ͑Q s ͒. The negative surface charge is the result of the electrons trapped by oxygen. For a thick ChemFET ͑Ͼ10 ML͒, the gas surface doping layer and charge transport layer of the transistor are distinct. The chemisorption of analytes primarily occurs on the free surface of the organic film. However, at high gate voltage ͑ϳ10 V above threshold voltage͒, the charge carrier density of OTFTs accumulates primarily in the first two molecular layers ͑Ͼ95% ͒ above the oxide. 30 Therefore, the electrical effect of analyte binding to the ChemFET surface is a complicated function of chemisorption and charge transport. The role of oxygen surface doping will be described in Sec. III B.
B. The role of oxygen surface doping on chemical response
Since oxygen has a significant effect on the channel conductivity of MPc ChemFETs, the role of presorbed oxygen on the chemical response was examined. We varied the surface oxygen concentration and compared the chemical responses of two analytes in dry air and N 2 . The samples were stored in N 2 until the baseline current increased 25% for the n-channel ChemFET and decreased 25% for the p-channel ChemFET. DMMP and MeOH were studied as model analytes. The chemical responses to DMMP ͑a tight binding analyte͒ for the two ChemFETs are compared in air and N 2 carrier gas ͑see Fig. 5͒ . MeOH was studied as a model weak binding analyte. The chemical responses to MeOH for the two ChemFETs are also compared in air and N 2 carrier gas ͑see Fig. 6͒ . The time-dependent current plots were normalized to the current at t = 0 s. We purposely did not allow the devices to completely stabilize after switching from air to N 2 ambient because we wanted to measure the influence of oxy- gen desorption on the device performance. Furthermore, after complete desorption of oxygen, the p-type ChemFETs would have zero current. In these experiments, the baseline drift is employed only to understand the sensing mechanisms since for practical sensing, flat baseline operation is required. The baseline is recoverable for analyte dosing in N 2 as well as in air and the response to the analytes is approximately opposite for n-type and p-type films. Any chemical responses due to analyte induced O 2 desorption in N 2 carrier would not be reversible; therefore, since the sloping baseline in N 2 carrier gas is fully recovered after analyte dosing, the results rule out the possibility of DMMP or MeOH causing a change in output current by irreversibly displacing surface bound O 2 . Instead, DMMP and MeOH must be acting primarily as counterdopants to O 2 . Possible counterdoping mechanisms would include the "coadsorption" or "remote adsorption." ͑a͒ Coadsorption: Analytes could be coabsorbing on the same MPc molecule as the O 2 and acting as an electron donor to O 2 so O 2 no longer withdraws charge from the film. ͑b͒ Remote adsorption: Analytes could be coabsorbing on a remote site and acting as electronic dopants. In both cases, the analyte may change the surface carrier concentration and/or perturb trap energy of the carrier. We note that in the standard model of organic semiconductors there is no distinction between changing the carrier concentration and perturbing the trap energies. 30 The responses for the n-and p-channel ChemFETs in air have been measured with other analytes such as DIMP, nitrobenzene ͑NB͒, and H 2 O. The chemical responses were measured in the saturated regime at 25°C and are shown in Fig. 7 for comparison. More detailed study of responses to DMMP and MeOH pulses as a function of concentration will be presented later. For all analytes tested, the responses were of opposite sign between n-type and p-type ChemFETs. This is consistent with the proposed mechanism by which the analytes change the output current primarily through counterdoping of the surface preadsorbed oxygen. The baseline drift shown in Fig. 7 is attributed to analyte induced drift and has been shown to be minimized using longer recovery times. 17 We have not attempted to optimize the baseline drift shown in Fig. 7 ; only fixed recovery times were employed for this figure. However, the baselines in Figs. 9 and 10 have been optimized with gate voltage pulse duration and recovery time between chemical pulses. We again note that the recovery time is independent of the presence of ambient oxygen because, as shown in Figs. 5 and 6, the signal recovers even in the complete absence of ambient oxygen.
The chemical responses to five analytes were tested over 8 months. The average chemical sensitivity and standard error values were extracted from six runs and are shown in Fig.  8 . The analyte doses ͑P / P 0 ͒ were between 0.005 and 0.1, where P and P 0 are the partial and saturated pressures of the analytes, respectively. Each analyte dose was 20 min long followed by recovery times of 45-180 min. The "approximate" chemical sensitivity was calculated by dividing the percentage current change over the concentration. These are approximate chemical sensitivities since they were calculated over a small concentration range for each analyte. We found that the differences in sensitivities between the analytes exceed the differences in sensitivity between n-type and p-type ChemFETs. There are differences up to a factor of 3.5 between the approximate sensitivity on the n-type and p-type ChemFETs, which is consistent with the analytes primarily acting as counterdopants to surface oxygen.
C. Time resolved chemical response and recovery to weak and strong binding analytes
The time resolved chemical responses of n-and p-channel ChemFETs to DMMP and MeOH in air were compared in more detail. The chemical responses in the form of ⌬I / I are shown in Fig. 9 for side-by-side comparison. The DMMP doses in the experiment were 68 ppm and 20 min long, followed by a 180 min recovery period. The MeOH doses in the experiment were 1520 ppm and 20 min long, followed by a 90 min recovery period. The long recovery times were chosen to ensure identical and fully reversible analyte responses.
It was found that DMMP increases the current of the n-type F 16 CuPc device but decreases the current of the p-channel CuPc ChemFET. The percentage current change is referenced to the current at t = 0 s. At the same dose, the n-channel ChemFET has larger response to DMMP as compared to the p-channel ChemFET. MeOH analyte pulses also induce opposite chemical responses in n-and p-channel ChemFETs. At the same MeOH dose, the p-channel Chem-FET has larger response as compared to the n-channel ChemFET, which is opposite to the relative trend for DMMP on p-channel and n-channel devices. There was about 1% current overshoot at the beginning and end of each MeOH pulse in the n-channel ChemFET ͑see the inset of Fig. 9͒ . The time scales of the overshoots were 130 and 190 s for downward and upward shifts. Therefore, they are unlikely to be caused by the opening and closing of solenoid valves during the vapor delivery. We infer that there two processes occur during MeOH adsorption/desorption on MPc films. The current continued to change even after the analyte was turned off for nearly all analytes. The response delay within 20 s is attributed to the large dead volume of the chamber while larger delays are attributed to the slow desorption of the analyte from the MPc film. The desorption processes of DMMP and MeOH on CuPc and F 16 CuPc ChemFETs can be fitted with exponential decay functions. For the DMMP responses, the time evolution of current during analyte desorption was fitted with a first order exponential decay as
where I 0 is the baseline current, A 1 is the pre-exponential coefficient, and 1 is the desorption time constant. For MeOH responses on the p-channel ChemFET, the desorption process has to be fitted with a double-exponential process,
where A 2 and 2 are the pre-exponential coefficient and desorption time constant for the second ͑fast͒ exponential decay process. We have fitted the desorption of MeOH from n-channel ChemFET with a double exponential with opposite signs for the two pre-exponential coefficients. The chemical responses and desorption time constants for DMMP and MeOH on CuPc and F 16 CuPc ChemFETs are tabulated in Table I . The desorption time of MeOH was shortest among the five analytes we tested. Assuming simple first order kinetics without transport limits, the desorption time is an exponential function of analyte binding energy to MPc molecules. We selected MeOH as a weak binding analyte and DMMP as a strong binding analyte, which has three times longer desorption time. The chemical response ͑R͒ was calculated as of the percentage current change to chemical pulses using the current just before each pulse as the reference current. We note that the current continued to change even after the analyte was turned off for some analytes, i.e., the MeOH response of n-channel ChemFETs. Peak values were extracted from Fig. 9 . These chemical responses were calculated at a single concentration of analyte, and show that the relative responses of n-channel and p-channel ChemFETs are reversed for DMMP and MeOH.
The desorption time constants for DMMP are nearly identical on n-and p-channel ChemFETs, consistent with DMMP having similar binding strength to CuPc and F 16 CuPc. We infer that DMMP binds to similar sites in both n-and p-channel films. Therefore, the 3.4 times difference in the DMMP chemical response between n-channel and p-channel is consistent with the differences in the perturbation of the electronic structure of the n-and p-channel MPc films by DMMP.
There is coexistence of fast and slow processes during the adsorption and desorption of MeOH to MPc molecules. The fast component during the adsorption is observed as a   FIG. 9 . ͑Color online͒ The percentage current change in response to DMMP and MeOH pulses. The DMMP and MeOH analyte pulses are not drawn to scale. The inset shows the time-dependent current plot of response to a methanol pulse. Fig. 9 . The doses were 68 and 1520 ppm for DMMP and MeOH pulses. The pre-exponential and desorption time constants were fitted according to Eqs. ͑2͒ and ͑3͒. R is in unit of %, 1 current overshoot in the n-channel ChemFET and as a fast decay in the p-channel ChemFET. The slow component acts as an electron donor ͑or hole acceptor͒ on both the n-and p-channel devices, causing a decrease in the magnitude of the current on p-channel devices and an increase in magnitude of the current on n-channel devices. Conversely, the fast component acts as an electron acceptor on n-channel devices and a hole acceptor on p-channel devices thereby decreasing the magnitude of the current on both n-channel and p-channel devices. The time constants for recovery show that the slow component is nearly identical on n-channel and p-channel devices and the fast component is similar on n-channel and p-channel devices. The opposite changes in current for n-type and p-type ChemFETs for slow MeOH response ͑electron donor͒ is identical to the other four analytes that were tested. However, the unidirectional changes in current on n-type and p-type ChemFETs for the fast MeOH response are unusual. One possible type of chemisorption which would be consistent with the unidirectional fast response is charge trapping by MeOH. MeOH is a polar molecule; therefore, it can stabilize holes in p-channel devices and electrons in n-channel devices when weakly physisorbed to the MPc aromatic rings on the surface. Trapping of free charges in both n-and p-channel devices should cause a decrease in output current for both types of devices, which is consistent with the observed behavior of the fast process.
Note that there is about a 20-fold difference in the DMMP versus MeOH doses so although the chemical response for DMMP and MeOH appear to be similar in Fig. 9 , the actual chemical sensitivity is one order of magnitude higher for DMMP. The greater sensitivity to DMMP compared to MeOH is consistent with stronger binding of DMMP to MPc as suggested by the slower desorption time for DMMP compared to MeOH. The three times difference in desorption time for DMMP versus MeOH on n-channel ChemFETs corresponds to a log͑3͒ difference in binding energy and three times difference in surface concentration at identical partial pressure assuming there are no transport limits. Although the diffusion property difference between MeOH and DMMP could partially contribute to the desorption time difference, we have investigated large molecule chemical response times and do not find correlation with molecular weight. 11 Therefore, some of the ten times difference in sensitivity between DMMP and MeOH is due to DMMP more strongly perturbing the electronic structure of the MPc/air interface at an equivalent surface concentration to MeOH.
D. Chemical responses as a function of concentration between n-and p-channel ChemFETs
The relative sensitivity of the n-and p-channel ChemFETs to DMMP and MeOH were further investigated as a function of concentration. The chemical responses were measured as a function of DMMP concentration in dry air ͑see Fig. 10͒ . Each dose was 20 min long followed by 180 min recovery in dry air. All DMMP doses caused a current increase in n-channel ChemFETs and a current decrease in p-channel ChemFETs. The desorption time constants fitted according to Eq. ͑2͒ are 71Ϯ 22 and 83Ϯ 21 min for n-and p-channel ChemFETs, where the errors reflect the variation in desorption times with concentration. Within the error margin of the time constants, the DMMP desorption time constants between n-and p-channel ChemFETs are comparable.
The chemical response as a function of concentration is extracted from Fig. 10 and shown in Fig. 11 . The ⌬I / I has a linear dependence on the DMMP concentration in both devices. It is confirmed that both the p-type and n-type ChemFETs operate in the kinetically controlled region 11 0.95% for p-and n-channel ChemFETs͒. The nonzero intercepts are due to the nonlinear chemical response at very low DMMP concentration, which might be due to strong analyte binding to defect sites.
Inferred from the above measurements, there is a clear difference between the chemical sensitivity of F 16 CuPc and CuPc to DMMP. The slope of ⌬I / I versus concentration is 2.5 times larger for the n-channel ChemFET. The greater sensitivity to DMMP on n-type F 16 CuPc ChemFETs can be attributed to either stronger binding to the surface of F 16 CuPc compared to CuPc or to a greater change in electronic structure induced by DMMP on F 16 CuPc in comparison to CuPc. Since the desorption time constants of DMMP to CuPc and F 16 CuPc are similar, we ascribed the chemical sensitivity difference solely to the differences in DMMP perturbation of the electron trap energies versus hole trap energies in the n-channel and p-channel devices.
Similarly, the concentration dependent chemical responses to MeOH are shown in Fig. 12 . ⌬I / I values were extracted using the same procedure shown in the inset of Fig.  9 . We found that there is nonlinear dependence of chemical response on the MeOH concentration. The nonlinear response is consistent with there being at least two distinct chemisorption mechanisms ͑slow and fast͒ for MeOH on the n-and p-channel devices.
IV. CONCLUSIONS
n-type and p-type ChemFETs have been fabricated with F 16 CuPc and CuPc materials, respectively. The output current drift in air and N 2 is consistent with oxygen acting primarily as surface dopant ͑electron acceptor͒ for the n-and p-channel ChemFETs. Removing oxygen by evacuation or exposure to a stream of nitrogen gas increases the n-channel current while decreasing the p-channel current. Responses for n-channel and p-channel ChemFETs were compared for five analytes in air; for all five analytes, the responses were of opposite sign on n-type and p-type ChemFETs. This is consistent with the primary mechanism being analyte counterdoping of the surface oxygen. The chemical responses to DMMP and methanol at several concentrations in air and N 2 for n-type and p-type ChemFETs were compared. There is a difference in the chemical sensitivity of 2.5 for DMMP on p-type CuPc and n-type F 16 CuPc even though DMMP has a similar binding strength to both MPc films as indicated by the desorption times. The difference in sensitivities between n-type and p-type films to DMMP is attributed to DMMP exerting a different perturbation of the electron trap energies versus hole trap energies in the n-channel and p-channel ChemFETs.
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